Retention factors of galactose, glucose, trehalose, and maltotriose for a column packed with hydrophobic resins were measured using water as the eluent in the temperature range of 0.5 to 150 . The van't Hoff plots of the retention factors were nonlinear, indicating that hydrophobic interactions between the resin and solutes occurred. The temperature dependence of the retention factor could be analyzed based on Kirfhoff's law and the enthalpy change for distribution was calculated.
Industries (Osaka, Japan), and trehalose was from Hayashibara Biochemical Laboratories (Okayama, Japan). Trehalose was used as the solute because it was more stable than maltose at high temperature [10] . Pure water was used as an eluent.
Estimation of retention factors
A column was installed in a handmade thermal controller. Column temperature was adjusted to the objective temperature 0.3 during the experiments. An eluent was fed to the column with an LC-10AT VP pump (Shimadzu, Kyoto, Japan). To prevent vaporization of the eluent, the pressure of the system was maintained at 3.0 MPa using a backpressure regulator (Upchurch Scientific, Oak Harbor, WA, USA). The column effluent was introduced into a cooling tube and allowed to flow into a refractive index detector (RID-6A, Shimadzu) to determine the solute concentration. The chromatogram was recorded using Chromatopac C-R8A (Shimadzu).
The dead volume was determined by removing the column and measuring the elution time of galactose.
Galactose, glucose, trehalose, and maltotriose were separately dissolved in water at 0.5% (w/v). A 10-L sample was applied to the column through a sample injector. Column temperature was regulated at a temperature in the range of 0.5 to 150 , and the flow rate of the eluent was changed in the range of 0.50 to 0.80 mL/min.
The total void volume, V 0 , which means sum of bed voidage and resin pore volume, was determined by the elution time of deuterium oxide. The bed voidage, b , is usually estimated from the elusion behavior of a macromolecule, such as dextran, which is too large to penetrate into the pores [11] . However, the pore size of the resin used in this study is very large (about 25 nm), and it was impracticable to find an adequate macromolecule for estimating the bed voidage. Therefore, the bed voidage value was assumed to be 0.30. Figure 1 shows the elution curves of the four solutes obtained at 20 and 90 using water as the eluent at 0.45 mL/min. At 20 , the low molecular mass solute eluted faster than the high molecular mass solute, whereas all the solutes eluted at almost the same elution time at 90 . A similar tendency of faster elution at higher temperature was observed for all the solutes over the whole tested temperature range.
Results and Discussion
The distribution equilibrium of the solute between the mobile phase and the stationary one is related to the free energy change, G , associated with solute distribution from the mobile phase to the stationary one by Eq. (1)
where K is the distribution coefficient, T is the absolute temperature, R is the gas constant, and H and S are the enthalpy and entropy changes, respectively, for solute distribution from the mobile phase to the stationary phase. The retention factor, k', which shows the magnitude of retention of the solute, is given by Eq. (2)
where V R is the retention volume of the solute. Since the retention factor is related to K and the volume phase ratio, φ, which is the volume ratio of the stationary to the mobile phase:
Therefore, Eq. (1) can be transformed into Eq. (4).
The volume of the stationar y phase cannot be determined, so the value of φ assumed to be equal to (1- ( )
where T H and T S are reference temperatures at which H and S are zero. Substitution of Eqs. (5) and (6) into Eq. (4) gives the following equation:
Equation (7) The temperature dependence of the retention factor could be fitted to Eq. (7) with R 2 > 0.91 for each solute (solid curves in Fig. 2 ) and the estimated values of T H , T S and C p are shown in Table 1 . The H values were calculated at different temperatures for the solutes (Fig. 3) using Eq. (5), and the H decreased with increasing temperature. This result showed that the distribution of saccharides from the eluent to the hydrophobic resin was enthalpy-driven in the high temperature. Solid curves represent the best fits of Eq. (7) to the data.
k'
At low temperature, the retention factor was larger for the solute of larger molecular mass. This order of increasing retention factor was in the same order of increasing hydrophobicity: monosaccharide < disaccharide < trisaccharide [14] . This would be ascribed to the formation of hydrophobic interactions between the resin and the saccharides. Considering the structures of saccharides, Janado et al. reported that the hydrophobicity of galactose was weaker than glucose [14] . However, no apparent dif ferences were measured in this study.
Exclusion of the hydrophobic moieties of saccharides from water which is associated by hydrogen bonds induces the hydrophobic interactions. Almost the same retention factors of the saccharides at high temperatures would indicate the reduction of hydrogen bonds in water at the temperatures.
